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Abstract 
Reconstruction of the old complicated craniomaxillofacial (CMF) fractures requires a precise and safe therapy to 
improve the functional and aesthetic outcome. In this paper, an image-guided simulation and navigation system was 
developed (Navi-CMFS)to improve the accuracy and reliability of the reconstruction surgery of the old complicated 
CMF fractures. Pre-operative planning and simulation based on 3-dimension (3D) model can provide enough 3D 
information of the patient. Intra-operative navigation can widen the surgeons’ vision field and locate the continually 
updated position of the instruments and the patient, to avoid injury to the important tissue. Clinical studies were 
conducted on 6 patients with complicated CMF fractures. Firstly, a virtual 3D skull model was reconstructed from 
pre-surgical image dataset information. In this virtual 3D model, surgeon moved or rotated the fractured bone and 
relocated it in a desired site according to the mirrored part from the unaffected side. After patient-to-image 
registration, the surgical instrument and patient were tracked in real-time by the optical tracking system during 
operation. In this way the old complicated CMF fractures were relocated satisfactorily guided by the virtual image. 
The results show that this system is proved to be essential helpful in reconstruction of the old complicated CMF 
fractures. 
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1.INTRODUCTION 
Fractures in the cranio-maxillofacial region are often intricate with serious injuries such as cranial 
bone fractures and cerebrovascular damage[1].Since preference is often given to the treatment of severe 
trauma, fractures in the maxillofacial region tend to become the old complicated fractrues because of 
deferred treatment, thus causing skeletal malocclusion and facial asymmetry. Conventionally the 
reconstructive procedures of the old complicated maxillofacial fractures are based on 2D images. For 
these old complicated cases, unsatisfactory reposition, gross asymmetry, and unnatural contouring of the 
facial shape are frequent consequences due to the lacking of the 3D information of the CMF model.  
By means of computer-aided surgery, image dataset information (Computed Tomography, CT/ 
Magnetic Resonance Imaging, MRI) can be applied to plan the surgical scheme and simulate surgical 
operation in 3-Dimensional (3D) model, so as to navigate surgical instruments for a safer and more 
precise manipulation. Image-guided simulation and navigation plays an ever-increasing role in the 
maxillofacial surgery[2-6].  
The purpose of this study is to apply a computer-aided surgical 3D planning and image-guided 
navigation system (Navi-CMFS) (Fig.1)in reconstruction of the CMF fractures, to achieve the favorable 
facial aesthetics and occlusion. The optical tracking system of this research is Vicra of NDI, Canada. 
Various navigational tools can easily be equipped with a trackable reference frame (locator) and 
calibrated during surgery in this system. This system integrates 3D medical modeling, 3D pre-operative 
surgical planning and intra-operative real-time tracking. Original CT/MRI image data in DICOM file 
format can be imported in this system. A 3D surface model, which can directly show the shape and the 
position of bone fractures, can be reconstructed and rendered by Navi-CMFS. Based on this virtual 3D 
model, the functions of translation, rotation, zooming in and out, and geometric measurement can be 
realized interactively.In this way,the surgeon can make the perfect plan and simulate it easily. During the 
navigation procedure, this system enabled the surgeon to locate the continually updated position of the 
instruments and the operation site on the patient's 3D reconstructed image data set displayed on a monitor 
in the operating room. Complex surgical procedures can be performed according to the pre-operative plan 
based on CT and/or MRI data minimizing surgical risks and optimizing clinical results.  
 
Fig. 1 Surgical navigation system(Navi-CMFS) 
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2. MATERIALS AND METHODS 
2.1. 3D Pre-operative Planning 
The goal of pre-operative planning is to create a virtual model with the desired result of the operation. 
It includes the visualization of the image data, 3D model analysis(2D and 3D measurements of distances, 
angles, volumes) and surgical simulation (freely separation, mirroring the selected portion and movement 
of the segments). In this system, digital data from CT or MRI images in DICOM file format can be 
imported. Through the segmentation process the target bone tissue is segmented out from the others tissue 
by region growing algorithm. Then, a 3D CMF triangulated surface model can be reconstructed and 
rendered by Navi-CMFS. Based on this virtual 3D model, translation, rotation, and zooming in and out 
can be done interactively. The transparency of the models can be adjusted in order to view the internal 
tissue model and to avoid injury to them. In addition, 2D geometric measurements(in arbitrary planes of 
section) and 3D measurements(distances, angles, volumes) can also be realized to determine the extent of 
a defect.  
The most important part of the surgical simulation is to repose the fractures to the right site. This 
system reposes the fractures according to the mirrored part from the unaffected side. In the following case, 
the 3D model transferred from the CT data shows the fractures distributed in maxilla, zygoma, zygomatic 
arch, orbital cavity bottom and nasal bone area (Fig.2(a)).The sagittal plane through the center point of 
the crista galli is defined as the middle plane, which separates the skull to two parts, left part is the 
unaffected side and the right part is the affected side. In order to have a satisfying facial symmetry, the 
desired position was mirrored from the unaffected side by the middle plane. This mirrored part can be 
used to direct the reposition of the fractures in maxilla, zygoma, zygomatic arch, and nasal bone (Fig. 
2(b)-(c)). 
     
Fig.2 (a). Reconstructed 3D model (b). Reposition of the fractures  (c). Contrast with mirrored side  
 
Fig.3 Difference the relocated fractures and the mirrored part 
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After reposition of the fractures, we can measure the difference between the relocated fractures and the 
mirrored part from the contralateral side, to evaluate whether the surgical planning is optimal or not. In 
this case, the maximum of this difference is within 1mm (Fig. 3). 
2.2.Intra-operative Real-time Navigation 
Correct registration of the image dataset and the patient is a crucial part to all surgical navigation 
system and the precision of the registration is vital to image-guided surgery[7]. In this system, two 
registration methods, point-based[8] and surface-based[9] registration, were adopted according to their 
respective advantages and disadvantages. Registration by point-based approaches is often used as 
reference or ‘gold standard’ to evaluate other registration methods because its registration error depends 
only on the localization of the fiducial landmarks. However, this method required that the patient should 
be adhered some markers on surface or be fixed some titanium screws in bone tissue before the 
preoperative CT scan as the fiducial landmarks for registration, and these landmarks should be held in 
place until the procedure is complete. The surface-based registration need no fiducial landmarks before 
the surgery, but its precision is directly related to the points' quantity and quality for registration. After 
having obtained the sources and the targets points of the two methods, the ICP (iterative closest point) 
algorithm is adopted in this study to compute the coordinate transformation of the virtual and actual 
patient.  
The patient’s site will inevitably have change during the procedure. In order to realize the real-time 
navigation, the patient’s virtual model will transform corresponding with the actual patient’s change. 
However, the 3D virtual CMF model is always very huge and the movement and rotation of this huge 
model is time-consuming. The frequent transform of this huge model will cause the image to be lagged. 
In order to avoid the lagged image, this system adopts a relative coordinate tracing algorithm to realize 
the real-time tracking of the patient’s site change. During the procedure, the virtual model of the patient is 
stationary, and the instrument model will be transformed in real-time corresponding with the actual 
patient’s change. Cephal-bracket fixed on the patient’s head is used to track the patient’s movement real-
timely in operation room. During surgical navigation, the system reports the instruments’ position relative 
to the cephal-locator in real-time. After patient-to-image registration, the instrument is tracked in real-
time, and once the patient’s position has some change during the operation, the system will adjust the 
virtual instrument’s position on the image according to the above relative position. 
 
Fig.4 Cephal- bracket fixed on the patient’s head 
In order to confirm wether the fractures are relocated accurately or not, we set some hinting points in 
the edge of the fractures. During operation, the surgeon moves the instrument along the edge of the 
patient’s fractures. When the distance between the instrument and the hinting point center is less than 1 
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mm, the hinting point will turn red from green and the system will beep at the same time, which means 
that the fractures are in the planning position(Fig.5). 
 
Fig.5 Image-guided surgical navigation in fractures reconstruction 
3. RESULTS 
 
  Fig.6 (a)The pre-operative model (b)Surgical planning model (c) The post-operative model 
 
Fig.7 (a)Pre-operative frontal view (b)frontal view of 6months after surgery 
With the guide of the Navi-CMFS navigation system, 3D anatomy structures and the position of 
surgical instruments were shown in real-time on the screen. The surgeon can relocate and fix the fractures 
according to the optimal location of the fractures defined in the pre-operative planning. The post-
operative reconstructed model (Fig.6) demonstrated that CMF fractures were in the appropriate position, 
and the patient had a preferable aspect contrast to pre-operation(Fig.7). No complications occurred in all 
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patients. The use of image-guided navigation resulted in the promotion of safe and accurate surgery 
excision of the reconstruction of the old complicated CMF fractures. 
4.DISCUSSION 
Computer-aided surgical navigation technology is already verified and developed by many research 
groups in numerous applications. High precision of navigated surgery is achieved by the use of optical 
tracking systems. In recent decades surgical navigation is proved that this technology offers essential 
improvements in outcome and safety for a wide range of CMF field. Surgical navigation technology is 
commonly applied in dental implantology, ankylosis of temporomandibular joint, removals of foreign 
bodies, individually preformed titanium mesh implants, osteotomies, and treatment of CMF tumors and 
so on[10-15]. Image-guided navigation has wide potential applications and is particularly useful in areas 
of complex anatomy and the high demands for optimal functional and aesthetic results.  
We have present our experience of developing the computer-aided 3D surgical planning and image-
guided surgical navigation in reconstruction of the old complicated CMF fractures, and evaluated the 
clinical effects of this technique.  
In this study, each developmental step was tested before clinical application on plastic model but was 
also evaluated for stability of hardware and software and precision of the system. The system provided an 
excellent view of the intra-operative site to the surgeon, which greatly simplified detection and 
reconstruction of the fractures. Simultaneously, the touch screen can easily be handled by the surgeon. 
 By contrasting the after-operation result with the pre-operative planning model, all enrolled patients 
were performed with mean accuracy of approximately 1.8mm and without increased risk in this study. 
Table 1 Deviation between the planning and the operation 
No. Sex/Age Side Minimum Deviation(mm) Maximum Deviation (mm) Mean (mm) 
P1 M/30 Left 1.22 1.91 1.565 
P2 M/22 Right 1.10 2 1.36 
P3 M/26 Right 1.48 1.87 1.675 
P4 M/42 Right 1.03 2.27 1.65 
P5 F/43 Left 0.94 1.75 1.345 
P6 M/35 Right 1.35 2.08 1.715 
However, remains challenging of the fractures  reconstruction is time consuming. When the edges of 
the fractures are reloacted in the optimal site, it is difficult to precisely fix the fractures in free-hand. 
Medical robotics, which can assist the surgeon in realization of the computer-based preoperative plan, are 
likely to gain insignificance in the near future. Moreover, with the argument reality tool, the navigation 
system enable the surgeon to have a real world together with the virtual reality[16]. 
5.CONCLUSION 
The surgical reconstruction of the old complicated CMF fractures guided by the navigation system is 
proved to be more precise and safer compared to 'free hand' reconstruction. Complex fractures were 
accurately reconstructed in pre-operation and were guided relocated in the an optimal site to achieve the 
perfect facial symmetry. Satisfactory results have been achieved and the mean precision is within 1.8mm. 
Application of simulation and navigation technology in fractures reconstruction is expected to increase in 
the near future, since the simulation and navigation systems are easy to use and offer increased safety and 
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precision with accurately preoperative preparation. Image-guided reconstruction of the old complicated 
CMF fractures is a valuable and safe technique in this potentiallycomplicated procedureˊ 
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